Although pyruvate has not been considered as a fuel for an enzymatic biofuel cell, there are dehydrogenase enzyme capable of oxidizing pyruvate. This paper details the discovery of a pyrroloquinoline quinone-dependent pyruvate dehydrogenase (PQQ-PDH) in Gluconobacter species. A method was developed to isolate and purify PQQ-PDH from Gluconobacter, along with the characterization of the purified enzyme. It was found that the purified enzyme can undergo direct electron transfer at carbon electrodes surfaces, which allowed for its incorporation into a pyruvate biofuel cell. It was also found that PQQ-PDH lacks substrate specificity, which minimizes its usefulness in many sensor applications, but is advantageous for deep oxidation in biofuel cell anodes.
Introduction
Bioelectrocatalysis is the use of a biological entity to catalyze a redox reaction at an electrode. The biological entity employed as a catalyst could be an enzyme (protein), an organelle, or a complete living cell. Enzymes are efficient catalysts and due to their size, higher catalyst loading is possible, which typically results in higher volumetric catalytic activity. In addition, enzymes are not living entities and do not require media to maintain activity (1) . Enzymatic bioelectrocatalysis can be broken down into two main types: mediated bioelectrocatalysis and direct bioelectrocatalysis (2) . Direct bioelectrocatalysis involves the ability of the enzyme to directly transfer electrons with the electrode, whereas mediated bioelectrocatalysis involves the use of additional redox species that mediated the electron transfer between the enzyme and the electrode. For simplicity sake, researchers have been interested in direct bioelectrocatalysis, but this has been difficult due to the limitations of enzymes capable of this type of electron transfer, because most enzyme active site is buried in the protein. Several pyrroloquinoline quinone (PQQ)-dependent dehydrogenase enzymes have been shown to undergo direct electron transfer (DET); therefore, this class of enzymes has been of interest to bioelectrochemists.
Literature has reported DET of PQQ-dependent glucose dehydrogenase (3, 4) , glycerol dehydrogenase(5), alcohol dehydrogenase(6), aldehyde dehydrogenase(7), lactate dehydrogenase (8) , and lipoxygenase (9) . However, there are far fewer known PQQdependent enzymes compared to NAD(P)-dependent enzymes. Many of the PQQdependent enzymes that have been studied are isolated from the acetic acid family of bacteria, namely Gluconobacter and Acetobacter species. The Gluconobacter genome contains many currently unclassified PQQ-dependent dehydrogenases (10) . Therefore, this paper was focused on the discovery of a pyruvate oxidizing PQQ-dependent dehydrogenase from Gluconobacter followed by the purification of this PQQ-dependent pyruvate dehydrogenase (PQQ-PDH). There are a variety of Gluconobacter species in the literature, so this paper details the differences in enzymatic activity of PQQ-PDH from three different Gluconobacter strains (Gluconobacter sp. 33 (DSM 3504), Gluconobacter sp. 33 (ATCC 15163), and Gluconobacter suboxydans (ATCC 621)).
Bioelectrocatalysis is of primary interest in two fields: biosensors and biofuel cells. The biosensors field employs enzymes to catalyze redox reactions of the analyte and measures the resulting current, which is a function of concentration. The biofuel cell field employs enzymes at the anode and/or cathode of the fuel cell to catalyze the oxidation of the fuel and/or the reduction of oxygen to water. Researchers studying bioelectrocatalysis for biosensors are very concerned with enzyme specificity. However, researchers studying bioelectrocatalysis for biofuel cell applications are not as interested in enzyme specificity. It would be ideal to be able to introduce one enzyme that could either completely oxidize a biofuel (single enzyme can step-wise oxidize a biofuel to carbon dioxide and water) or could oxidize a wide variety of different components in a biofuel mixture (ability to oxidize all sugars or all alcohols in a fuel mixture rather than just one). Therefore, the selectivity of PQQ-PDH was studied with a variety of similar biomolecules from the metabolic pathway to understand its selectivity or lack of selectivity for the pyruvate substrate. (anion exchange resin), CM-Toyo-Pearl ® (cation exchange resin), hydroxyapatite (dual mode ion exchange resin-GE Healthcare), and Sephadex G-100 (size exclusion resin) chromatographic packings were used as received. HEPES running buffer, GelCode Blue ® staining solution, loading buffer, LoneRanger ® molecular weight ladder, and precast gels (5% stacking gel/12% resolving gel) SDS-PAGE reagents were purchased from Pierce. All solutions were prepared with 18 MΩ water.
Experimental

Reagents
Enzyme Activity Assay Procedure 1.5 mL of 50mM potassium phosphate buffer pH 7.3, 0.2 mL of 60µM PMS, 0.1 mL of 70µM DCIP, 0.01mL of enzyme, and 0.2 mL of a 0.2 M substrate solution (pyruvate, lactate, acetate, malate, citrate, succinate, or fumarate) were mixed in a disposable cuvette (11) . The change in absorbance for each sample is measured initially and after 2 minutes of reaction at 37°C at 600 nm on a Thermo Brand ® spectrophotometer. The molar absorptivity (ε) of DCIP was experimentally determined to be 32.
SDS-PAGE Procedure SDS-PAGE was performed using a pre-cast gel (5% stacking gel/12% resolving gel) in an Emperor Penguin TM water cooled, dual gel vertical system from Owl Separations ® electrophoresis apparatus for 33 minutes starting at 100 mA/gel ending at 40 mA/gel at 150 V using HEPES running buffer and a LoneRanger ® molecular weight ladder. The samples were prepared in a 4:1 ratio of sample to loading buffer followed by boiling for three minutes and allowing to cool to room temperature before loading onto the gel. GelCode Blue ® was used to stain the gels following electrophoresis followed by rinsing with 18 MΩ water.
Gluconobacter sp. 33 Growth
In order to obtain PQQ-PDH, commercially purchased Gluconobacter sp. 33 (DSM 3504) and Gluconobacter sp. 33 (ATCC 15163), were first cultivated aerobically in a basal media containing glucose, yeast extract, and calcium carbonate (GYC) at 30 °C for 24 hours in petri dishes as per the procedure described in Reference (11) . Following preliminary studies, the cultivation procedure was changed to using a media consisting of the following (g/L): yeast extract-5, D-mannitol-10, (NH 4 ) 2 HPO 4 -1.0, and MgSO 4 x 7H 2 O-2.0 with the pH adjusted to 5.5. The new media was shown to be optimal for the production of PQQ-dependent enzymes as opposed to being conducive to a wide range of acetic acid bacteria. 11 The growth period was 20 hours, a shaking incubator was employed in order to fully aerate the bacterial culture. In order to compare different lines of 
Cell Lysis
Due to the fact there are no literature sources for the isolation and purification of PQQ-PDH, a purification scheme had to be developed starting with cell lysis. The thawed Gluconobacter cell paste was suspended in 0.2M phosphate buffer pH 7.0 containing 1mM CaCl 2, 10% sodium deoxycholate (the final concentration 0.5%), and 1mL of lysozyme (10mg lysozyme in 1mL 0.3M potassium phosphate buffer pH 7.2) in order to make the outer cell wall more permeable. The solution was incubated at 4 °C with gentle stirring for one hour followed by sonicated using a sonic dismembrator for one minute at 4 °C (using a pulsed frequency at the maximum power output). The solution was then centrifuged for 1 hour at 12,000g at 4 °C to remove insoluble extracellular materials. The lysed Gluconobacter supernatant is a deep rose color indicative of the heme-c/PQQ moieties found within the multiple enzymes in the supernatant.
Ion Exchange Chromatography
In-situ hydroxyapatite purification step, along with the first of a series of ion exchange column procedures (DEAE-Toyo Pearl ® and CM-Toyo Pearl ® ), are the first steps in the The following literature sources for PQQ-dependent alcohol dehydrogenase purification from Gluconobacter were used as a guideline for the ion exchange chromatography purification scheme (11, 12) . After removing an insoluble precipitate by centrifugation, the enzyme extract was applied to the DEAE Toyo-Pearl 650M ® anion exchange column (2.5 x 25 cm) which was equilibrated with the dialysis buffer. The column was washed by passing two bed volumes of the same buffer and two bed volumes of 75mM pH 7.2 Tris-HCl buffer containing 1% sucrose and 1 mM CaCl 2 .
A buffer exchange of the active fractions collected from the anion exchange column was performed overnight via dialysis at 4 °C in 2 mM pH 7.2 potassium phosphate buffer containing 0.01% Triton X-100. The sample (20 mL) was then applied to a second DEAE Toyo-Pearl 650M
® anion exchange column (1.5 x 10 cm). Fractions were eluted with a gradient of phosphate buffer pH 7.2 containing 0.01% Triton X-100 (15mM-100 mM). The fractions containing PQQ-PDH activity with 250 mM phosphate buffer containing 0.01% Triton X-100 were collected. All samples are then placed in dialysis in 5 mM potassium phosphate buffer pH 7.2 containing 1 mM CaCl 2 . Samples are concentrated (to 20 mL) using a Centriprep
The concentrated enzyme solution was applied to CM-Toyo-Pearl ® cation exchange column equilibrated with 5 mM potassium phosphate buffer pH 7.2 containing 1mM CaCl 2 and 1% sucrose. Fractions containing active PQQ-PDH were eluted with 250 mM phosphate buffer pH 7.2 containing 1mM CaCl 2 and 1% sucrose following a two column volume rinse with 5 mM potassium phosphate buffer pH 7.2 containing 1mM CaCl 2 and 1% sucrose.
Size Exclusion Chromatography
Due to the fact that fractions collected from the CM-Toyo Pearl cation exchange column still contain a mixture that shows activity for lactate and pyruvate, size exclusion chromatography was employed in order to attempt to further separate the complex by size as opposed to charge. Active fractions collected from the CM-Toyo-Pearl cation exchange column were concentrated and applied to a Sephadex G-100 size exclusion column (1.5 cm x 10 cm) equilibrated with 5 mM potassium phosphate buffer pH 7.2 containing 1mM CaCl 2 and 50 mM NaCl. Fractions were eluted using the same buffer and were also rose colored similar to other purified PQQ-containing enzymes discussed in literature (11, 12) . , 25 (28) 1-11 (2010) DET at Gold Electrodes Modified with Adsorbed Enzyme Gold electrodes (2mm diameter) were prepared prior to modification by polishing on a Buehler polishing cloth with 0.05micron alumina followed by a methanol rinse and rinsing with 18 MΩ water to insure the electrode surface is uniformly clean and there is no prior fouling. In order to prepare the electrode for enzyme adsorption the gold electrodes were cleaned by electrochemically cycling in 0.2 M NaOH between -1.8 V and 2.3 V (5 cycles) and between -1.8 V and 0.8 V (3 cycles) versus a Ag/AgCl reference electrode at a scan rate of 0.1 V/s. The electrodes were then thoroughly washed with 18 MΩ water prior to use.
ECS Transactions
For each experiment, 0.10 mg/mL of PQQ-PDH was dissolved in 10 mL pH 6.0 potassium phosphate buffer with 1 M NaCl as supporting electrolyte. A control was run in the presence of buffer only. Sodium pyruvate was added in increasing increments ranging from 2.0 mM to 6.0 mM and cyclic voltammetry was performed. Ag/AgCl was used as a reference and platinum mesh was used as the counter electrode. Cyclic voltammetry was used to investigate the electrochemistry of the working electrode using a CH Instruments Model 650A potentiostat interfaced to a Dell PC and was performed by sweeping from 0.3 V to 0.7 V for experiments with PQQ-PDH at a scan rate of 0.01 V/s. There was no required wait period in between multiple scans.
Bioanode Fabrication PQQ-PDH enzymatic bioanodes were fabricated using pieces of 1.0 cm 2 Toray ® carbon fiber paper. PQQ-PDH enzyme was immobilized in a TBAB modified Nafion ® membrane, prepared as per the procedure in Reference (13), in a 1:2 ratio of enzyme to polymer (50 µl enzyme to 100 µL polymer), and then coated onto the carbon electrode and allowed to dry. Once the electrode was dry, it was ready to be used in a complete cell apparatus.
Physical Cell Apparatus
The physical test cell consisted of custom fabricated "U" shaped cylindrical glass described in Reference (14) . Approximately 50 mL of solution was contained on either side of a Nafion ® 212 membrane acting as a salt bridge. The cathode side of the test cell contained various pHs of phosphate buffer ranging from 5.5 to 8.5 with 1M NaCl as supporting electrolyte with dissolved oxygen present. The cathode material is an ELAT electrode with 20% Pt on Vulcan XC-72 (E-Tek). The anode side of the test cell is filled with various pHs of phosphate buffer ranging from 5.5 to 8.5 with 1M NaCl as supporting electrolyte and various concentrations of fuel ranging from 25 mM to 100 mM pyruvate. The modified electrode with enzyme acts as the anode. The complete cell was allowed to equilibrate for 2-6 hours before data collection. Each complete biofuel cell was tested at room temperature. All data were collected and analyzed for the test cell with a CH Instruments potentiostat interfaced to a PC computer. , 25 (28) 1-11 (2010) 
ECS Transactions
Results and Discussion
There is no reported literature for the isolation/purification of PQQ-PDH along with any pI or molecular weight literature values Previous research on the isolation and purification of PQQ-ADH and PQQ-AldDH, which both can be isolate and purified from Gluconobacter species, were employed in order to develop strategies on chromatographic purification of the PQQ-PDH system (16) . PQQ-PDH was present in the form of a mixture following the purification of PQQ-ADH and PQQ-AldDH, so it must have a pI in the same range as PQQ-ADH and PQQ-AldDH. Initially, anion exchange chromatography and cation exchange chromatography were used in order to attempt to separate PQQ-PDH from the crude enzyme extract of lysed Gluconobacter cells and were unsuccessful at getting high purity enzyme samples, so size exclusion chromatography was employed to further purify PQQ-PDH.
While the molecular weight of PQQ-PDH is unknown, in order to undergo DET (contain multiple hemes c) as well as be PQQ-dependent, there are known markers when SDS-PAGE is performed which aid in tracking PQQ-dependent DET capable enzymes. In addition, Gluconbacter contains a number of NAD + -dependent, FAD-dependent and PQQ-dependent oxidoreductase enzymes which are not membrane bound, but are likely to be found in the crude enzyme extract following cell lysis (10) . Employing SEC allows for a wide enough exclusion limit in order to separate non-PQQ-dependent enzymes from other enzymes present in the PQQ-PDH mixture (most likely non-membrane bound). The SDS-PAGE gel containing purified PQQ-PDH contained four bands (80 kDa, 60 kDa 40 kDa, and 18 kDa), with the two largest subunits correlating to subunits known in literature about PQQ-ADH and PQQ-AldDH (approximately 80 kDa and 60 kDa) (8) . It is important to note the although the molecular weight of PQQ-LDH and PQQ-PDH are similar, the enzymes are separated using different procedures that lend us to believe the enzymes interaction with the membrane are different and the two enzymes have different substrate specificity as described below.
Both PQQ-ADH and PQQ-AldDH share similar structural characteristics where subunit I of each enzyme is responsible for oxidation of substrate and subunit II carries out ubiquinone reduction in this case allowing each enzyme to undergo DET at gold electrodes. 6 The exact structure of PQQ-PDH is unknown except for the fact there are large subunits at approximately 80 kDa and 60 kDa that are most likely heme-c containing moieties similar to that of those found in PQQ-ADH and PQQ-AldDH (which are known). In addition PQQ-PDH contains two smaller subunits at approximately 40 kDa and 18 kDa. Cyclic voltammetry shows further proof that PQQ-PDH is a PQQdependent heme-c containing quinohemo enzyme that is capable of undergoing DET.
PQQ-PDH was assayed in the presence of its primary respective substrate (pyruvate). In addition, the protein content of the sample was quantified by BCA assay in order to calculate the specific activity of each enzyme of interest. The specific activity was calculated and is defined as the total activity per mg of protein in U/mg. By definition, 1 U will oxidize 1 µmol of substrate per minute. For biofuel cell applications, it is desirable to have a high specific activity in order to efficiently oxidize fuels to harness the chemical energy more effectively but not necessarily a stringent specificity toward a substrate. , 25 (28) 1-11 (2010) Some genera of acetic acid bacteria, such as Acetobacter, can eventually oxidize acetic acid to carbon dioxide and water using Krebs cycle enzymes. Gluconobacter do not further oxidize acetic acid, as they do not have a full set of Krebs cycle enzymes. However, PQQ-PDH shows activity for a number of Kreb's cycle substrates including pyruvate (primary substrate greater than 1 U), lactate (perhaps thermodynamically driven), acetate, citrate, malate, succinate, and fumarate (all substrates of the Krebs Cycle) when assayed under the same conditions as previously mentioned data can be seen in Table 1 . Various strains of Gluconobacter have been employed in several bioprocesses; therefore, the metabolic pathway for each strain has evolved to adapt to its particular function (15) . Table 2 shows the average specific activities for each enzyme of interest with respect to the Gluconobacter strain it was derived from. With any living organism multiple passages will result in evolution of the cell culture, this can be seen in the difference in specific activity between the two lines Gluconobacter sp. 33 (DSMZ 3504 and ATCC 15163). Overall it can be concluded Gluconobacter sp. 33 (ATCC 15163) is the optimal strain/line to work with for this enzyme (7, 8) . Cyclic voltammetry was performed by using adsorption methods in order to study DET of each enzyme of interest at a gold electrode by dissolving PQQ-PDH in pH 6.0 potassium phosphate buffer with 1 M NaCl and looking at the effects of each control experiment (buffer only) with respect to different concentrations of pyruvate. PQQ-ADH, PQQ-AldDH and PQQ-LDH have been shown to undergo facile direct electron transfer at gold surfaces (7, 8) . However, PQQ-PDH shows less ability to undergo direct electron transfer at gold electrodes as shown in the representative cyclic voltammograms for PQQ-PDH shown in Figure 1 compared to PQQ-LDH (8). There is a potential shift (for the forward peak) closer to O V vs. Ag|AgCl for the redox couple of heme-c when compared to the PQQ-dependent dehydrogenase incorporated self assembled monolayers (SAMs) on gold(16) due to the fact there is close interaction between the heme-c moieties and the electrode surface. The enzyme is adsorbed directly onto the electrode surface. The potential shift (for the forward peak at the highest concentration of substrate) for PQQ-PDH is 0.233V vs. Ag|AgCl when adsorbed directly onto the electrode surface when compared to the PQQ-ADH incorporated SAM.
ECS Transactions
It has been shown that the redox couple of heme-c for PQQ-ADH, PQQ-AldDH, PQQ-PDH, and PQQ-LDH is shifted closer to 0 V vs. Ag|AgCl when adsorption methods at gold are employed as opposed to incorporation into a SAM (16) . The main goal of this research is to fabricate bioanodes for pyruvate biofuel cells. For biofuel cell applications, it is desirable to have the redox couple for the DET of the heme-c moieties to be as close to 0 V as possible in order to not have the system be kinetically limited. Therefore, adsorption configurations on carbon substrates was investigated next due to allow the redox couple of heme-c to occur at even lower potentials and lend to simpler and inexpensive fabrication methods compared to configuration on gold substrates.
When the PQQ-PDH is used at the anode of a pyruvate biofuel cell, it was found that power density performance does not statistically vary with pH in the range from pH 5.5 to 8.5. Table 3 shows the biofuel cell performance data as a function of fuel solution pH. This is not unexpected, since the same trend in biofuel cell performance was seen for PQQ-LDH in lactate biofuel cells (8) . Representative power curves for pyruvate biofuel cell in 100mM pyruvate fuel solution is shown in Figure 2 . As shown in Table 3 , the performance of the biofuel cell does increase with increasing concentration of fuel. (17) . Cyclic voltammetric data showed PQQ-PDH can undergo DET with a similar mechanism as PQQ-ADH and PQQ-AldDH due to similarities in their subunits. PQQ-PDH was able to be used in a pyruvate biofuel cell. This enzyme is of particular interest, because of its ability to do direct electron transfer and it lack of specificity for metabolites of pyruvate. Thereby, simplifying the enzyme cascade for deep oxidation of pyruvate. This is very important when considering the energy density of biofuel cells. Pyruvate is a high energy density fuel, but it is only soluble in aqueous solution to a concentration of 0.9M. That decreases the theoretical energy density of a pyruvate fuel solution to 367Whr/L if the pyruvate was completely oxidized to carbon dioxide. If a saturated pyruvate fuel solution is only partial oxidized (a single 2 electron oxidation that is expected from a specific/selective pyruvate dehydrogenase), then the maximum theoretical energy density would only be 73Whr/L. This shows the importance of deep oxidation for biofuels and shows the possible application for non-specific PQQ-dependent dehydrogenases like PQQ-PDH.
